This paper discusses combined position and force control of telepresence systems with force feedback and time delay. Standard architectures use velocitylforce control and well known passivity arguments. Disadvantageously, then the positions of the Human System Interface (HSI) and the teleoperator diverge in presence of disturbances, deteriorating transparency. In this paper a new method for impedance matching filter design by optimization in the frequency domain to achieve passivity of the teleoperatorlenvironment and transparency of position-force controlled telepresence systems is proposed. The validity of the approach is shown in simulations and experimental results.
Introduction
Bilateral telemanipulation systems with force (also called kinesthetic or haptic) feedback allow a human operator to he active in a distant, possibly hazardous environment. Telepresence is a key technology for many applications, e.g. telesurgery, teleservice, telemanufacturing, teleshopping. Telepresence systems are now mostly implemented in communication infrastructures like the Internet with substantial (varying) time delay of several hundred milliseconds. Without control measures time delay impairs kinesthetic transparency (the feeling of direct interaction with remote environment) or may even cause instability. This paper is focused on bilateral telemanipulation with constant time delay, for a discussion of the varying delay problem see the companion paper [l] . The here proposed method is based on known passivity arguments. Main contribution is that the position controlled subsystem of teleoperator together with the environment are made passive by impedance matching filters, which are designed by an optimization method in the frequency domain. The advantage of position control is that disturbances do not cause a position deviation of the HSI and the teleoperator. Optimization is required to obtain passive impedance matching filters. One disadvantage of the presented approach is the required environment model knowledge; note that the proposed method is quite robust against model uncertainties.
For the organization of the paper: in Section 2 the fundamental concepts of passivity, the telepresence system architecture, impedance matching, and transparency are discussed. The optimization method for the impedance matching filters is proposed in Section 3. Sections 4 and 5 present numerical, simulation, and experimental results.
Background
A telepresence system with force feedback basically consists of the human system interface (HSI) with a human manipulating it and an executing robot (teleoperator) interacting with a remote environment, ideally tracking the position of the HSI while the human 'feels' the environmental force. The basic structure in network representation is shown in Fig. 1 . Based on stability arguments in standard architectures the HSI velocity is communicated to the remote site. In our approach the HSI position is transmitted, used as reference 2;" for the position controlled teleoperator. The environmental force fe measured at the remote site is reflected to the operator, used as reference signal ff for the force control of the HSI. The input/output behavior of the environment and the mechanical subsystems HSI, teleoperator can be described by their mechanical impedance, the ratio 
1)
A generalized definition of impedance with position replacing velocity is applied here, e.g. the dynamics of the teleoperator together with the environment is included in the impedance Z,. the operator 'feels' the impedance Z', see 
Passivity
The concept of passivity, first applied to telepresence sys-
, is commonly used for analysis and synthesis of such systems. A passive element is one for which, given zero energy storage at t = 0, the property holds, with Pi,(7) denoting the power dissipated in the system, ~( 7 ) .
~( 7 )
being the input and output vector. This definition equally applies to linear and non-linear systems. 
(3)
A telepresence system can he modeled as the interconnection of several energy exchanging network elements, see e.g. [4] . The passivity argument for telepresence systems is based on the fact that a network combined of only passive elements is passive itself and thereby implicitly stable. In classical telepresence architectures, HSI and teleoperator are velocity and force controlled, as the mapping from velocity to force is generally passive, hence teleoperator and HSI are passive subsystems. The environment is considered passive and it is assumed that the (possibly so trained) human operator behaves in a cooperative, i.e. passive way. A communication network without time delay is passive. Hence the overall telepresence system is passive.
In case of time delay in the communication network the bidirectional communication channel can be modeled as a time delaying two-port with delays TI, T2 in the forward, backward path, respectively. Applying scattering theory (see (41) it is suaightforward to show that the eigenvalues of the scattering matrix are larger than 1, hence the condition for passivity is violated. The wave variable transformation introduced in [4] and extended in [5] passivates the communication network by introducing new, local feedback paths as illustrated in Fig. 1. 
lkansparency and Impedance Matching
Ideal kinesthetic coupling, hence transparency is achieved if the human operator feels directly connected to the remote environment. According to 191 this requires the positions and forces at the HSI and teleoperator to be equal. Another formulation, see [7] , demands the felt impedance 2' to he equal (or as close as possible) to the environment impedance 2,
appropriately chosen controller parameters of the local velocitylforce control loops. A trade-off between control loop performance and impedance matching is usually necessary, theoretically ideal matching over all frequencies is generally not possible.
The main drawback of a velocity-force architecture is the non-recoverable position deviation after a disturbance, which can be critical dependingon the application area. The communication of position information instead of velocities improves this. The position-force architecture though is not necessarily passive. In [6] a position-force control architecture for telepresence systems using appropriately designed impedance matching filters N,, NO, see Fig. I , is suggested.
These filters passify the teleoperatorlenvironment subsystem and aim at matching the impedance over a broader range of frequencies, hence improve transparency. In [6] the filter was designed heuristically, in the following a filter design method using optimization is proposed.
Position-Force Architecture
With the design rule for the impedance matching filters N,, No according to [6] the terminating impedance Z,, describing the inputloutput behavior of the position controlled teleoperator in interaction with a continuous environment and the filters N , Assuming the terminating impedance to be a stable minimum phase structure it is robustly passive with a = y = 0.5, see (2) and (3). The passivity and stability argument of the position-force architecture is that the position controlled teleoperator together with the environment, forming Z~(S), is robustly passified by appropriate choice of the impedance matching filter N,. Then, the combination with the communication network with' arbitrary, constant time delay remains also passive, i.e. Zo(s) is passive.
Referring again to Fig. 1 , the transmitted impedance may be rewritten as Applying (5) . the filters NO recover the impedance 2 2 so that Z,(s) = Z,(s). Assuming an ideal HSI, Z' = Z1, and an ideal teleoperator, Z2 = Z,, the transparency condition (4) is met, the human operator can feel the environment impedance.
The impedance 2 1 is not necessarily passive because of the possible non-passivity of the teleoperatorlenvironment Z2, however, if desirable a position controller could be designed in such a way that 2, is passive. A decision whether this is beneficial or not mainly has to be based on human factors, which is the reason why this discussion is deferred to a future paper including psycho-physical task performance evaluation aspects.
In practice the ideal filters N,, NO are not available as it requires the computation of the square root of an arbitrary transfer function according to (5), which can only be approximated. A novel approach to obtain this approximation by optimization is discussed in the following.
Filter Optimization by Loop Shaping
Goal of optimization is to design the filter N , such that Z, approximates the desired terminating impedance 2: = 1 in order to provide a robustly passive filterlteleoperatorlenvironment 2. subsystem, see Fig. 2 .
Filter Parametrization
The application of passivity condition (1) 
Objective Function
The objective function is defined in the complex plane based on the Nyquist plot of the terminating impedance Z,(jw,q), see transparency, but also robust passivity, as shown in Section 2. Optimization though should generate passive solutions exclusively, hence by adding the passivity penalty term the optimizer is forced to leave the parameter space of non-passive solutions.
Numerical and Simulation Results

Model Parameters
The filter parameter optimization is performed in the 
Optimization Parameters
For evaluation of the objective function (8) the integrals (7) and (6) [lo-,lo-)
Optimum for Nominal Environment
Higher filter order generally results in better approximation with increased computational cost. In the following a second order lead-lag filter with the optimal parameter vector resulting in the objective function value of f(q') = 6.32 is used. As a result the terminating impedance Z,(q*) with the optimal filters Nz(q*) defines a passive mapping as illustrated in the Bode plot in Fig. 6 . The closer its magnitude is to the OdB-line and its phase to the OO-line, the better the impedances of transmission line and modified telwperatorlenvironment subsystem match. The small deviation between the bode plots of the transmitted impedance Z1 and the teleoperatorlenvironment impedance 2, as illustrated in ior shown by the time responses of position z t ( t ) and force f.(t), f f ( t ) at teleoperator and the HSI, respectively, to a position input Z h ( t ) at the HSI in Fig. 5 is good. Due to the feedback paths at the HSI side with the filters NO containing the model of the environment, the force feedback is not delayed with respect to the position change at the HSI. The human operator has a transparent impression over a broad range of frequencies.
Robustness
The optimized filters N , and No contain the model of the environmental impedance, hence system performance is optimal only for the nominal environment, here k = 1. Small changes in environmental parameters though should not destabilize the system. In the following simulations the influence of the environmental stiffness k = 10 and k = 100 on the terminating impedance 2, is exemplarily investigated, illustrated in the bode plots in Fig. 6 . The i90°-line is not crossed, thus even for such large parameter uncertainties the system remains passive. 
Experimental Results
The experimental setup consists of two identical single degree of freedom force feedback paddles connected to a PC; the original design of the paddles can he found in [lll. The basic configuration is shown in Fig. 8 , where the teleoperator is connected to springs with the stiffness coefficient 
Conclusions
A novel approach for position-force controlled telepresence systems has been proposed providing robust passivity and transparency by appropriately designed impedance matching filters. A frequency domain optimization method is used to obtain these filters with guaranteed passivity reserve. Numerical, simulation, and experimental results have shown that the proposed approach improves performance with respect to stability, tracking, and transparency. Future work is to generalize the presented methods for time-varying time delay and less known environments.
